"Cementitious-waste-free-type Completely recyclable concrete(CCRC)," a kind of concrete that permits complete recycling with including some kinds of byproducts from other industries, is defined as "concrete whose binders, additives and aggregates are all made of cement, materials of cement and some byproducts, and all of these materials can be used as raw materials of cement after hardening with no need for ingredient adjustment ." In this paper, the effectiveness of decreasing a large amount of waste by CCRC using byproducts as aggregates, such as blast-furnace slag sand, silica sand, copper slag sand, calcined fly ash aggregate, etc., the typical mixture proportions of CCRC with no need for ingredient adjustment, the mechanical properties and durability of CCRC, and the verification of no need for ingredient adjustment when recycling CCRC as cement materials will be exhibited. When CCRC is used generally, a closed loop material flow of cement itself will be formulated, and it is found to form a circulating system totally different from the material flow of conventional concrete.
Introduction
This paper verifies the possibility of cementitious waste-free-type completely recyclable concrete (CCRC). This is a concrete designed to have a chemical composition equivalent to those of general cement materials at a pre-design stage for a concrete structure by adequately incorporating limestone aggregate and other industrial byproducts, so that the concrete can be recycled after demolition as a material for cement without any modification.
This study takes the following approach: Select industrial byproducts for which steady generation is expected in the future and for which uses as resources instead of dumping are sought and promoted from among those currently generated on a constant basis in Japan; calculate the maximum possible intake of such byproducts; and estimate an appropriate amount of production of CCRC and the reduction in the waste industrial byproducts.
Then actually produce concrete with a specified chemical composition; assess the properties of the concrete including basic physical properties and durability; demolish the concrete and produce regenerated cement using the entire amount of the concrete in the same manner as actual cement production processes; and assess the basic properties of the regenerated cement, particularly the strength-developing property.
Calculation of the amounts of CCRC production and industrial waste reduction

2.1
Selection of industrial byproduct materials Production/distribution systems based on imported materials have been established in Japan as a general form of industry, with imports accounting for nearly 1/3 of the total resource input. Among the industrial byproducts that are intermittently generated in the production systems, few can be recycled completely like iron and aluminum. They are generally discharged as industrial waste and domestically dumped without being recycled.
Focusing on the industrial byproducts generated from industrial fields other than construction, CCRC assumes incorporation of major components of cement, such as SiO 2 , Al 2 O 3 , and Fe 2 O 3 , from such byproducts. Specifically, these include blast-furnace slag and copper slag formed in the process of metal refining and fly ash generated in the process of calcining pulverized coal in thermal power plants. These contain large amounts of SiO 2 , Al 2 O 3 , and Fe 2 O 3 necessary for a cement material, for the sake of which these have actively been used as conventional cement materials. CCRC is based on the concept that incorporating certain amounts of these materials into concrete beforehand enables the concrete to become a clinker material as is, with no need for modification of the composition after demolition. Active incorporation of industrial byproducts into concrete is significant not only from the aspect of effective use of industrial byproducts generated in fields other than construction but also from the aspect of saving natural resources necessary for producing concrete itself.
Component materials of CCRC are selected from Table 1 . It should be noted that the authors have already proposed a prototype completely recyclable concrete (CRC) 1 , which is made by using crushed and ground limestone as aggregate and supplementing the deficient components, SiO 2 , Al 2 O 3 , and Fe 2 O 3 , in the form of chemicals after the crushing process. The cement regenerated by calcining the entire amount of the crushed prototype concrete was proven to provide qualities equivalent to those of normal portland cement. In this study, the selections for the trial calculation included limestone aggregate as the basic aggregate, silicic rock, which is a major component of the earth's crust, and blast-furnace slag, copper slag, ferronickel slag, silica fume, and fly ash, which are byproducts from the process of metal refining with relatively stable output. Table 2 gives the chemical compositions of materials for CCRC. The values for each material are based on generally available data and measured data. Concretes are then proportioned. In the present calculation, high-strength to normal-strength concretes with an average water-cement ratio (W/C) of around 50% were targeted, from which normal, high-early-strength, and low-heat cements were assumed to be regenerated. The material conditions were selected from among those applicable to CCRC given in Table 1 , and the unit water content, W/C, air content, etc. were determined. Calculation was then made so that the ultimate chemical compositions would be those of the targeted regenerated cements. The design mixture proportions were determined based on the calculation. Table 3 gives the design mixture proportions of the CCRC and the compositions of the resulting clinkers to be the regenerated cements. The concretes include NC, HC, and BC, which eventually turn into normal, high-early-strength, and low heat cements without modification, respectively, each consisting of three types with a W/C of 40%, 50%, and 60%, with the total number of concrete types being nine. By investigating the design mixture proportions, it was found possible to design concrete materials that eventually turn into various regenerated cements as such, using appropriate amounts of materials derived from industrial byproducts with known chemical compositions, without being restricted by the W/C of concrete. Figure 1 shows the relationship between the amounts of CCRC production and waste reduction. The amount of CCRC production was determined by assuming as follows: The average W/C of all CCRCs is around 50%; All of the nine types of CCRC assumed are produced; All of the parts of the industrial byproducts currently not in use are used, and none of them are dumped. According to the calculation, it is possible to annually produce 20 million tons of CCRC with an average W/C of 51.2%, which accounts for 5% of Japan's annual concrete production of approximately 400 million tons. Moreover, the entire amount of the CCRC can be recycled as regenerated cement with no need for modification of the composition. Nearly all the amounts of coal ash, blast-furnace slag, copper slag, and silica fume not in use, which would otherwise be dumped, can be introduced to the production of CCRC. Since the amounts of generation and uses of industrial byproducts are never constant, grasping their state of generation and consumption for each use is a prerequisite for this system. Table 1 included limestone aggregate, blast-furnace slag sand, silica sand, copper slag sand, and coal ash artificial lightweight aggregate. The design mixture proportions of concrete are given in Table 4 . The concrete was proportioned in two strength levels: high and normal strengths. NC and HC denote mixtures to be eventually regenerated into normal cement and high-early-strength cement, respectively. PT denotes limestone aggregate concrete proportioned similarly to the prototype completely recyclable concrete 1 for reference in regard to physical properties. Table 5 gives the test items and methods. These tests evaluate the effects of various industrial byproducts introduced to HC and NC to make them waste-free on their fresh properties, mechanical properties, and durability to verify their feasibility for use as structural members. 
Calculation method
Results and discussion
Basic properties of concrete
The slump and air content of NC and HC are similar to those of PT regardless of the W/C. Both NC and HC can therefore be handled similarly to normal concrete. The amount of bleeding water of NC60 and HC60 was 7% to 16% smaller than that of PT60. This can be attributed to the fact that NC and HC contain industrial byproduct materials whose water absorptions are higher than that of limestone aggregate. Nevertheless, general fresh properties appropriate for structural concrete were achieved with no adverse effect on the consistency of concrete. Figure 2 gives the compressive strength and elastic modulus. The compressive strength of NC and HC are similar to that of PT with the same W/C at the same age. Since their 28-day strengths exceed the proportioning strengths, they can be judged as usable for structural concrete.
The elastic moduli of NC and HC are slightly lower than that of PT by 5.5% to 8.0% for normal strength and 4.2% to 4.9% for high strength. This may be because the use of coal ash artificial lightweight aggregate with a low elastic modulus as coarse aggregate for NC and HC reduced the elastic modulus of the aggregate group, thereby slightly reducing the elastic modulus of concrete by the rule of mixture. The authors referred to the estimation equation for elastic modulus in the project titled "Development of advanced reinforced concrete building using high strength concrete and reinforcement (New RC)" to examine the level of these elastic modulus values. These were found slightly lower than the general level of elastic modulus, but they practically meet the general requirements for mechanical performance of structural concrete. Accordingly, the basic properties of CCRC are found nearly comparable to the prototype completely recyclable concrete and are judged as sufficiently applicable to structural concrete. 
Durability of concrete
The durability of CCRC was investigated in terms of the length change, carbonation resistance, and resistance to freezing and thawing. Figure 3 shows the results of length change and mass loss tests. All concretes underwent shrinkage of around 500 µm regardless of the W/C at an age of one year. This was slightly more evident with CCRC, being approximately 10% greater than PT on average. This can be attributed to the use of byproducts with a high water absorption. The amount of moisture introduced through the aggregate may lead to an increase in the length change due to drying shrinkage 2 . A mass loss of 2% to 3% was recognized in normal strength CCRC, which is 0.3 percentage point greater than that of PT. The moisture escape from CCRC therefore tends to slightly increase. Accordingly, it was found that the length and mass changes of CCRC are slightly greater than those of PT and that this tendency is more evident with a higher W/C. Nevertheless, the shrinkage can be reduced by adjusting the unit water content at the time of mixing, as the length change, which is directly related to the drying shrinkage, is within 10% of that of the prototype. It is therefore considered possible to prevent the materials derived from industrial byproducts to become a direct cause of cracking.
The test results regarding the resistance of CCRC to carbonation are then shown in Fig. 4 . Despite the speculation that industrial byproduct materials, such as fly ash aggregate, would reduce the carbonation resistance of the resulting concrete, the carbonation depths of all series were nearly the same regardless of the W/C, indicating that the carbonation resistance is scarcely affected by industrial byproduct materials. Though the composition of industrial byproduct materials to be introduced into concrete varies depending on the target cement composition, the amount of limestone aggregate normally prevails over other components based on the chemical composition of general cement. Therefore the range of effect of industrial byproduct materials is naturally limited. Accordingly, it can be concluded that the carbonation resistance of CCRC is comparable to that of the prototype, being scarcely affected by the introduction of materials derived from industrial waste. Figure 5 shows the results of freezing and thawing resistance tests on CCRC. Similarly to the case of length change, a low resistance to freezing and thawing of CCRC was anticipated due to the increase in the moisture content introduced thorough the aggregate, which involves industrial byproducts with a high water absorption 3 .
The resistance to freezing and thawing was evaluated in terms of relative dynamic modulus and durability index after exposing the specimens to a specified freezing and thawing test environment. In Hokkaido, where the risk of frost damage is highest in Japan, the assumed number of times of freezing in a year is six. When resistance to 300 cycles of freezing and thawing is assured for concrete, it corresponds to assurance for 50 years in Hokkaido. The areas where CCRC is generally anticipated are the areas where the control of waste generation and effective use of resources are strongly demanded. In consideration of the fact that these are metropolitan areas including Tokyo and Osaka, where the risk of frost damage is low, resistance to 300 freezing and thawing cycles is regarded as assurance on the safe side. While it is generally instructed in Japan to incorporate an appropriate air content to retain the durability index above 60% after 300 cycles
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, it is also generally accepted that a certain level of resistance is ensured by reducing the W/C to densify the microstructure of concrete when using regenerated aggregate or artificial lightweight aggregate 5 . Accordingly, a target air content of 2.0% was adopted for the high strength series to ensure resistance to freezing and thawing.
The test results revealed that, for the normal strength series, the resistance to frost damage was slightly lower than PT. Both the relative dynamic modulus and durability index of the high strength series are generally lower than those of the normal strength series. However, it was confirmed that the deficiencies in the performance were smaller with CCRC. This can be attributed to stress mitigation within concrete by industrial byproduct materials, particularly by coal ash artificial lightweight aggregate, which accounts for a large percentage of aggregate and is characterized by micropores distributed throughout its structure. Accordingly, the material properties, such as the porosity of industrial byproduct materials, are considered to affect the resistance of CCRC to frost damage, in addition to the air content and W/C. 
Basic properties of regenerated cement
Experiment overview
In this section, regenerated cement is actually produced from CCRC, and the basic properties of the cement are evaluated to ascertain the complete recyclability of the concrete into regenerated cement. Two types of cements are to be produced: normal cement, NCC, and high-early-strength cement, HCC, made from NC60 and HC 60, respectively. These are produced in a laboratory by processes simulating actual processes of cement production. Table 6 gives the items and methods of tests. The density and specific surface of cements produced from CCRC are evaluated. Cement mortar is then produced using these regenerated cements to evaluate the flexural and compressive strengths. The chemical composition of powder is analyzed using an X-ray spectrometric device at each stage of cement production processes, eventually proving the feasibility of producing regenerated cement without modification of the composition. 
Production of regenerated cement
The production of regenerated cement in this experiment was carried out on a laboratory level for a small number of specimens instead of that using a cement kiln for actual production. Errors were therefore anticipated in the measurement of the chemical composition of cement due to errors in the proportions of component materials in concrete and the positions and amounts of regenerated powder sampling. Experiments were conducted with the need for certain adjustment of the components in mind to produce regenerated cement having the target chemical composition.
CCRC was milled using an improved jaw crusher and ball mill. The part passing a 0.075 mm-sieve was used as the material. The material was calcined in an electrical oven at 1,450°C for 2 hours to make regenerated clinker. Gypsum dehydrate 2% by weight was added to the clinker and milled to the target fineness, to obtain regenerated cement.
4.3
Basic properties of regenerated cement Table 7 and Fig. 6 show the chemical composition of the regenerated cement and physical property test results of cement mortar, respectively. The density and specific surface of NCC and HCC are comparable to those of portland cement available on the market, proving that regenerated cement having normal physical properties can be produced even by the method adopted for this study 6 .
The flexural and compressive strengths of mortar were evaluated by fabricating specimens in accordance with JIS R 5201, the standard for physical properties of cement, at the specified ages. Though the early strength gains of NCC mortar were slightly lower than those of normal portland cement available on the market, its long-term strength gains were comparable, comfortably achieving the quality requirements for normal portland cement specified in JIS R 5210. HCC mortar achieved strength gains comparable to those of high-early-strength cement available on the market. Consequently, it is theoretically possible to proportion CCRC to be the material for regenerated cement as targeted. The qualities of regenerated cement achieve the performance of standard portland cement, though slight adjustment may be necessary to precisely achieve the target composition, depending on the cement production method. It can therefore be concluded that complete recycling of CCRC into regenerated cement is proven to be feasible. 
Conclusions
The following were found in regard to CCRC proposed in this paper: (1) CCRC possesses basic properties comparable to the prototype of completely recyclable concrete made from only limestone aggregate. (2) Regenerated cement recycled from CCRC can be made to possess the qualities comparable to standard portland cement, proving complete recycling of concrete without adjustment of its components. (3) CCRC is expected to bring about reductions in the amount of dumped industrial byproducts, reductions in the consumption of natural resources, and reductions in the CO 2 emission during cement production by reductions in the amount of limestone aggregate.
